Previous studies have established that proteinaseactivated receptor 2 (Par2) activation protects against myocardial ischemia/reperfusion injury (Mi/ri). However, the role of Par2 deficiency in Mi/ri remains unclear. The aim of the present study was to examine the effect of PAR2 deficiency on cardiomyocyte apoptosis and to clarify the potential molecular mechanisms for its protective effect against Mi/ri. using a mouse model of Mi/ri, cardiac function was evaluated by echocardiography, infarct size was assessed by triphenyltetrazolium chloride staining, and myocardial cell apoptosis was measured by terminal deoxynucleotide transferase-mediated duTP nick end-labeling staining. annexin V/propidium iodide staining, and expression of Bcl-2 and cleaved ParP were determined to assess apoptosis in myocardial H9c2 cells exposed to hypoxia/reoxygenation (H/r) injury-simulating Mi/ri. Phosphorylated erK1/2, JnK, and p38 MaPK protein expression levels were analyzed by western blotting. The findings indicated that Par2 deficiency markedly reduced cardiomyocyte apoptosis in the Mi/ri mouse model, as well as in myocardial H9c2 cells exposed to H/r. Furthermore, Par2 knockdown clearly prevented phosphorylation of erK1/2 and JnK in myocardial H9c2 cells. The results revealed that PAR2 deficiency alleviated Mi/ri-associated apoptosis by inhibiting phosphorylation of erK1/2 and JnK. Therefore, targeted Par2 silencing may be a potential therapeutic approach for alleviation of Mi/ri.
Introduction
Myocardial infarction continues to be the primary cause of human morbidity and mortality worldwide (1) . accompanied by coronary blood flow recanalization, reperfusion may cause aggravated myocardial injury leading to infarct area enlargement, arrhythmia, and heart dysfunction, a phenomenon known as myocardial ischemia/reperfusion injury (Mi/ri). Jennings et al (2) first described the phenomenon that cardiac myocyte necrosis was irreversible in the ischemic region and that ischemic cells were more severely injured after blood restoration in the dog myocardium. nearly 2 million patients experience Mi/ri under circumstances of acute myocardial infarction or sudden cardiac arrest each year (3) . The underlying mechanisms for Mi/ri include oxidative stress, calcium overload, apoptosis, and leukocyte accumulation (4) . in view of the dreaded complication of reperfusion and the heavy social burden, it is urgently necessary to further explore the mechanism of Mi/ri pathogenesis and to develop effective intervention measures.
Proteinase-activated receptor 2 (Par2), a member of the G protein-coupled receptor superfamily, is widely distributed on cardiomyocytes, cardiac fibroblasts, vascular endothelial cells, inflammatory cells (neutrophils, monocytes, eosinophils, mast cells), epithelial cells, and vascular smooth muscle cells (5) (6) (7) . after cleavage of the Par2 n-terminus at a specific site (r36S37) by various serine proteases, including trypsin, mast cell tryptase, and coagulation factors Viia and Xa (8) (9) (10) , a new tethered ligand forms that triggers further receptor activation. interactions of Par2 with G proteins or β-arrestin can initiate a variety of signaling cascade pathways. a previous study revealed that Par2 activation induces an increase in intracellular calcium along with the production of iP3 and daG (11) . This pathway acts through activation of MaPKs that modulate several intracellular targets, including extracellular signal regulated kinase (erK)1/2 and, to lesser extents, p38 and c-Jun nH 2 -terminal protein kinase (JnK) (12) . Furthermore, Par2 stimulation can elicit multiple responses to inflammation, angiogenesis, and infection as well as ischemic injury, which may be beneficial or detrimental depending on particular settings and even cell types.
as an environmentally sensitive receptor, there is a close relationship between Par2 and Mi/ri. in rats, Par2 stimulation with agonist peptide (aP) before reperfusion inhibited cardiomyocyte apoptosis by upregulating Bcl-2 and downregulating Bax (13) . a previous study revealed that PAR2 deficiency decreased oxidative stress and inflammatory responses in a mouse model of Mi/ri (14) . However, the role of PAR2 deficiency in apoptosis during MI/RI has not been completely established. in the present study, the effect of PAR2 deficiency on cardiomyocyte apoptosis and the underlying mechanisms of its protective effect on Mi/ri were determined, using a mouse model of Mi/ri in vivo and H9c2 cells as a model of hypoxia/reoxygenation (H/r) in vitro.
Materials and methods
Animals. c57Bl/6J mice (wild-type) were purchased from the experimental animal center of Shanghai Jiao Tong university School of Medicine and Par2 knockout mice on the c57Bl/6J background were purchased from The Jackson laboratory. a total of 24 male mice (12-week-old; weight 20-22 g) were used for in vivo experiments, which were performed according to the national institutes of Health Guide for the care and Use of Laboratory Animals. Mice were housed in a specific pathogen-free (SPF) laboratory under optimum conditions (25±2˚C, 55% humidity, and a 12 h light/dark cycle) and fed a standard laboratory diet and water ad libitum. The study procedures were approved by the ethics committee of animal experiments of Shanghai Jiao Tong university School of Medicine.
Genotyping of PAR2 knockout mice. For genotyping of mice, tail genomic dna was isolated by using Mouse direct Pcr kit (cat. no. B40013; Bimake.com) according to the manufacturer's instructions. Then, the dna lysates were subjected to Pcr analysis with specific PAR2 primer. The primer sequences were as follows: oiMr7415, 5'-Gcc aGa GGc cac TTG TGT aG-3'; oiMr7419, 5'-Tca aaG acT GcT GGT GGT TG-3'; and oiMr7420, 5'-GGT cca aca GTa aGG cTG cT-3'; The Pcr products were analyzed by 1% agarose gel electrophoresis performed by Gel image system 2500.
Surgical procedures. a total of 24 mice were randomly divided into four groups as follows: the sham control mice in both Par2 +/+ and Par2 -/groups (each n=6), the ischemia/reperfusion model in both Par2 +/+ and Par2 -/groups (each n=6). Mice were anesthetized with 2% isoflurane (Takeda Pharmaceutical company, ltd.) and 40% oxygen, and maintained with 0.5% isoflurane and 40% oxygen. a tracheal intubation was performed to provide artificial ventilation (0.3 ml tidal volume; 120 breaths/min). The left anterior descending (lad) coronary artery was ligated with an 8-0 nylon surgical suture at 1.0 mm distal from the tip of the left auricle. after 30 min of ligation, the suture was removed for reperfusion. Six sham control mice were subjected to the entire surgical procedure; however, sutures were passed through the lad without blocking the vessels.
Measurements of infarct area and area at risk. after 120 min of reperfusion, mice were re-anesthetized and intubated. The heart was washed with normal saline via ascending aorta cannulation. The left coronary artery was reoccluded at the same point and evans blue dye (cat. no. e2129; Sigma-aldrich; Merck KGaa) was perfused from the left ventricular (lV) cavity. The heart was removed and cut transversely into five sections (2-mm thick) that were incubated in a 1.0% solution of triphenyltetrazolium chloride (TTc; cat. no. T8877; Sigma-aldrich; Merck KGaa) for 20 min at 37˚C. The area at risk (AAR) and the infarct area (IA) were defined as the area unstained with evans blue dye and the area unstained with TTC solution, respectively. Staining was quantified using imageJ2 software (national institutes of Health) as previously described (15) . infarct size was calculated as the percentage of myocardial ia to total aar.
Apoptosis assessment using the TUNEL assay. In vivo
Tunel assays were performed to detect apoptotic cardiomyocytes induced by Mi/ri (16, 17) . Myocardial tissue was fixed with 10% formaldehyde for 24 h, washed, dehydrated, and embedded in paraffin. TUNEL staining was carried out with an in situ cell death detection Kit (cat. no. 11684817910; roche diagnostics) according to the manufacturer's instructions. Samples were added 50 µl Tunel reaction mixture in the dark at 37˚C for 60 min. Subsequently, the sections were counterstained with hematoxylin for a few seconds at 37˚C. Five microscopic fields in each section were randomly selected to count the number of Tunel-positive cells and total cells. an apoptosis index (ai) score was calculated as the ratio of apoptotic cardiomyocytes to total myocytes. Echocardiography. at 72 h after Mi/ri, echocardiography was performed with a Vevo 770 high-resolution imaging system (VisualSonics inc.) as previously described (18) . Twelve mice were anesthetized and maintained in the supine position. after the chest was shaved, the parasternal short axis and long axis were examined to obtain two-dimensional and M-mode echocardiographic views. at least 10 independent cardiac cycles were acquired. The lV ejection fraction (lVeF) and lV fractional shortening (lVFS) were measured on M-mode images using the Vevo 770 software. The mice were sacrificed with an overdose of 10% chloral hydrate (500 mg/kg, i.v.), followed by cervical dislocation to minimize the suffering.
Cell culture. The rat cardiomyocyte cell line H9c2 was obtained from the chinese academy of Sciences cell Bank (Shanghai, china). The cells were cultured in dulbecco's modified eagle's medium (cat. no. SH30022.01; Hyclone; Ge Healthcare life Sciences) containing 10% fetal bovine serum (cat. no. 10100147C; Gibco; Thermo Fisher Scientific, inc.), 100 u/ml penicillin, and 100 mg/l streptomycin at 37˚C in a humidified incubator under 5% CO 2 . siRNA transfection. Small interfering rnas (sirnas) against Par2 (siPar2) and a non-specific sirna (sinc) were designed and synthesized (Shanghai GenePharma co., ltd.). The sequence information for the sirnas is provided in Table Ι . For transient silencing of PAR2, H9c2 cells seeded on day 1 (1x10 5 or 1x10 6 cells/well) were subjected to two 6-h transfection rounds on days 2 and 3 with 50 nM siPar2 and lipofectamine 3000 transfection reagent (cat. no. l3000015; Thermo Fisher Scientific, Inc.) as previously described (19) . siNC was transfected in parallel. The knockdown efficiency of Par2 was ~70% with siPar2-rat-1002 ( Fig. 1a and B ). Thus, this sequence (Par2-rat-1002) was selected to perform subsequent rnai experiments.
Hypoxia and reoxygenation. To evaluate the effect of Par2 deficiency on apoptosis, H9c2 cells were transiently transfected for 48 h, exposed to hypoxia (94% n 2 + 5% co 2 + 1% o 2 ) for 12 h, and returned to normoxia (95% air + 5% co 2 ) for 4 h (20) . cell viability was determined using a cell counting Kit-8 (cat. no. cK04; dojindo Molecular Technologies, inc.) according to the manufacturer's protocol.
Apoptosis assay. cardiomyocyte apoptosis in vitro was estimated by flow cytometry after staining with Annexin V and propidium iodide (Pi) (21) . Briefly, cells were harvested and stained with an annexin V-FiTc/Pi Kit (cat. no. 556547; Bd Biosciences), in which annexin V bound to exposed phosphatidylserine in early apoptotic cells and Pi stained late apoptotic cells with increased membrane permeability. For the staining, cells were incubated in 5 µl of annexin V at room temperature in the dark for 10 min, and then incubated with Pi for an additional 5 min. The annexin-V/Pi-stained cells were analyzed by flow cytometry (BD Biosciences).
Western blotting. Western blot analyses were carried out to measure the expression levels of multiple proteins in H9c2 cells. The protocol was performed as described (22) . Briefly, extracted proteins were separated in 10% SdS-polyacrylamide gels and transferred onto nitrocellulose membranes. The membranes were blocked with 5% (w/v) nonfat dry milk in Tris-buffered saline for 2 h at room temperature, and incubated with the respective primary antibodies at 4˚C overnight. The antibodies used were as follows: phospho-MaPK, total-MaPK, (phospho cat. no. 9910; 1:1,000; total cat. no. 9926, 1:1,000), poly-adP-ribose polymerase (ParP; cat. no. 9532; 1:1,000), B-cell lymphoma 2 (Bcl-2; cat. no. 3498; 1:1,000 (23) (all from cell Signaling Technology, inc.); Par2 (cat. no. 180953, 1:1,000; abcam). after incubation with horseradish peroxidase-conjugated secondary antibodies Peroxidase AffiniPure Goat Anti-Rabbit IgG (H+L) (product code no. 111-035-003; 1:5,000; Jackson immunoresearch laboratories, inc.) at room temperature for 2 h. GaPdH was evaluated as a loading control. antibody-bound bands were detected with an enhanced chemiluminescence (ecl) detection kit (eMd Millipore). Quantification was performed using Quantity one 4.4.0 software (Bio-rad laboratories, inc.).
Statistical analysis. all tests were repeated at least three times, and all data were expressed as the means ± standard deviation. Statistical comparisons between mean values in multiple groups were evaluated by the Kolmogorov-Smirnov test, followed by one-way analysis of variance (anoVa) using SPSS software (version 21.0; iBM corp.). The Bonferroni test was performed to analyze multiple comparisons. Values of P<0.05 were considered to indicate statistical significance.
Results
Successful identification of PAR2-knockout mice. The genotyping was confirmed in male PAR2 knockout mice by tail dna genomic Pcr. dna from Par2-knockout mice generated a 198-bp mutant band. as revealed in Fig. 2 , a single PCR product of 198 bp was amplified from the tail of Par2-knockout mice. The results indicated that the generation of Par2-knockout mice was successful for subsequent experiments.
PAR2 knockout preserves cardiac function after MI/RI in mice. To investigate ventricular function after Mi/ri in mice, in vivo echocardiography was performed at 72 h after surgery. There were no significant differences in lVeF (72.3±9.7 vs. 69.8±4.1%, P>0.05) and lVFS (39.3±5.4 vs. 37.8±3.5%, P>0.05) ( Fig. 3 ) in the control Par2 +/+ group and Par2 -/group. Mi/RI induced significant reductions in LVEF and lVFS in the two groups. compared with Par2 +/+ mice, Par2 -/mice showed significant protective effects on LVEF (47.8±2.3 vs. 44.1±3.3%, P=0.047) and lVFS (25.4±1.2 vs. 21.0±2.4%, P=0.002) ( Fig. 3) . overall, Par2 knockout significantly improved lV function in mice after Mi/ri.
PAR2 knockout reduces myocardial infarct size induced by MI/RI. To determine whether Par2 knockout attenuates myocardial damage after Mi/ri, whole heart tissue was removed after surgery and stained. infarcted myocardium was detected in both the Par2 +/+ and Par2 -/groups. The ratio of aar to lV did not differ in the two groups (54.0±5.9 vs. 45.4±10.7%, P=0.115), however the ratio of ia to lV was reduced in the Par2 -/group (35.4±5.7 vs. 24.9±8.7%, P=0.032) ( Fig. 4) . as a result, Par2 -/mice had less infarct tissue compared with Par2 +/+ mice (16% reduction in infarct size; 55.41±7.3 vs. 65.60±6.7%, P=0.030; Fig. 4 ). The reduction in myocardial infarct size along with the improvement in cardiac function indicated that Par2 knockout had a protective effect against Mi/ri.
PAR2 knockout protects against myocardial cell apoptosis induced by MI/RI. cardiomyocyte apoptosis caused by
Mi/ri is one of the main causes of cardiac dysfunction (24) . To investigate whether Par2 has a role in the apoptotic process under Mi/ri, Tunel assays were performed to detect apoptotic myocardium in the two groups. apoptotic cells were revealed in the myocardium after Mi/ri in both groups, and were mainly located in the area of the left anterior descending coronary artery territory. a 16% reduction in apoptotic cells was detected in Par2 -/mice compared with Par2 +/+ mice (56.3±2.2 vs. 66.5±3.7%, P=0.005; Fig. 5 ). PAR2 knockdown inhibits ERK1/2 and JNK pathways in myocardial H9c2 cells exposed to H/R. To further understand the potential mechanisms for the Par2 protective role in Mi/ri, western blot analyses were performed to quantify the MaPK phosphorylation levels in H9c2 cells exposed to H/r. The Par2 -/-H/R group exhibited significantly decreased phosphorylation levels of erK1/2 (1.23±0.02 vs. 1.55±0.02, P<0.001) and JnK (0.79±0.03 vs. 1.28±0.04, P<0.001) compared with the Par2 +/+ H/r group, while the phosphorylation levels of p38 MaPK did not differ (P>0.05) between the groups (Fig. 8) .
PAR2 knockdown protects against myocardial H9c2 cell apoptosis induced by

Discussion
In the present study, it was confirmed that PAR2 deficiency protected the myocardium against apoptosis using an in vivo Mi/ri mouse model. it was further revealed that Par2 knockdown in H9c2 cells caused a significant reduction in apoptosis accompanied by downregulation of c-ParP expression and upregulation of Bcl-2 expression. reductions in erK and JnK phosphorylation were also observed, suggesting that Par2 deficiency may protect the myocardium against MI/RI via MaPK-dependent anti-apoptotic effects on cardiomyocytes. Persistent ischemia and reperfusion can induce cardiomyocyte apoptosis, especially after reperfusion, through sudden recovery of intracellular aTP levels, calcium overload in the cytoplasm and mitochondria, and production of oxygen free radicals that can further accelerate irreversible apoptosis (3) . Many studies have revealed that apoptosis may be a significant factor in the pathogenesis of Mi/ri. apoptosis is a genetically-controlled cell death process that primarily requires the activation of caspases. in fact, ParP cleavage by caspase-3 is considered a Bax, Bak) are involved in the regulation of apoptotic signaling by mediating mitochondrial membrane permeability. Bcl-2 plays a vital role in the anti-apoptosis process by inhibiting Bax migration to the mitochondrial membrane or interfering with the Bak oligomerization process (26) . The present results demonstrated that PAR2 deficiency attenuated cardiomyocyte apoptosis after H/r with decreased c-ParP and increased Bcl-2 expression levels.
The molecular targets for the PAR2 deficiency-mediated protective effects against cardiomyocyte apoptosis in Mi/ri were further investigated, especially with regard to the MaPK signaling pathways, for the following reasons. First, it was reported that Par2 can activate MaPKs in the myocardium and other tissues (27, 28) . Par2 couples to G proteins (Gαq, Gαi, Gαs, Gα12/13) as well as β-arrestin to induce downstream signaling. The Gαi pathway predominantly activates the MaPK pathways, while activation of β-arrestin leads to phosphorylation of erK1/2 (9, 29) . activation of Par2 was revealed to have protective effects on the myocardium via the erK1/2 pathway during reperfusion of the rat heart (30) . antoniak et al (14) demonstrated that PAR2 deficiency alleviates myocardial inflammation accompanied by reduced phosphorylation of erK1/2, p38, and JnK after Mi/ri. Furthermore, they found that Par2 activation stimulated hypertrophy of cardiomyocytes in vitro with increased phosphorylation of p38 and erK1/2 (31) . Second, it was revealed that MaPK signaling pathways, including the erK and JnK pathways, were involved in the regulation of myocardial apoptosis during Mi/ri and H/r (32) . erK signaling plays major roles in cell survival and differentiation, being cytoprotective in most cases (33) . However, other studies have revealed that enhanced erK activation promoted apoptosis. H/r caused cardiomyocyte apoptosis associated with enhanced phosphorylation of erK1/2 (34) . erK activation also contributed to cisplatin-induced cell apoptosis, while cell death was attenuated after inhibition of erK phosphorylation by a specific inhibitor (PD98059) (35) . JNK activation mediated inflammation and apoptosis in response to stress stimuli (33) . JnK activation was enhanced during Mi/ri as a mediator of the apoptotic pathway. inhibition of JnK by SP600125 improved cardiac function, and still prevented cardiomyocyte apoptosis in the rat heart after Mi/ri (36) . in the present study, it was revealed that PAR2 deficiency alleviated Mi/ri by decreasing cardiomyocyte apoptosis through suppression of the erK and JnK MaPK pathways, but not the p38 MaPK pathway. it was previously demonstrated that activation of Par2 had a positive effect on experimental Mi/ri in vivo. napoli et al (37) were the first to demonstrate that PAR2 AP treatment improved recovery of myocardial function and mitigated oxidative injury in wild-type rats through reductions in the ischemic risk zone and creatine kinase release. In contrast to the benefit of PAR2 activation, PAR2 deficiency had protective effects on cardiac Mi/ri with significant reductions in oxidative stress and inflammation (14) . Similar results were revealed in the lungs and joints (38, 39) . a possible explanation for the discrepancies may be attributed to cell specificity. In the MI/RI model, PAR2 may exert a protective effect when activated on endothelial cells by exogenous Par2 aP (40) , but may be harmful when activated on cardiomyocytes or inflammatory cells that are inclined to stimulate production of inflammatory factors (41) . Thus, through their systemic lack of PAR2, inflammation and oxidative stress may be inhibited in Par2 -/mice. Furthermore, a trypsin-exposed tethered ligand and a synthetic soluble ligand bound to different regions of Par2, thereby triggering biased signaling. exogenous Par2 aP may act on distinct sites in Par2, leading to markedly different effects. Therefore, it was speculated that the cytoprotective effect of Par2 aP may be associated with the manner of Par2-biased signaling. Finally, altered Par2 conformations gave rise to G protein-coupled changes and activation of β-arrestin, thereby mediating receptor desensitization and internalization (42) . another study demonstrated that β-arrestin alleviated inflammation by preventing phosphorylation and degradation of iκBα, and reducing activation of nF-κB and transcription (43) . in addition, β-arrestin transactivated epithelial growth factor receptor to generate a protective effect for the myocardium (44) .
it was also demonstrated that Par2 contributes to the occurrence and development of inflammation and oxidative stress. although exogenous stimulation of Par2 had a cardioprotective effect in Mi/ri (37) , the present results revealed that PAR2 deficiency decreased myocardial cell apoptosis in Mi/ri, indicating that Par2 activation by endogenous factors may have a detrimental role. Therefore, it is necessary to understand the exact role of Par2 in Mi/ri, and the precise molecular mechanisms and signal transduction pathways still require further clarification. Multiple cell types can be involved in Mi/ri in different forms, including vascular endothelial cells, cardiomyocytes, and inflammatory cells/immunocytes. Therefore, the examination of tissue-specific PAR2 -/animals may be required to clarify the precise roles of Par2 in different cells and to identify tissue-specific antagonists or agonists and even signaling pathways that target physiological or pathological events.
The limitation of the present study is that the methods used in the in vivo experiments in mice were relatively simple. However, our research methods used for the in vivo experiments of apoptosis including Tunel analysis and ai count were based on previously published studies (16, 17) . Second, the H9c2 cell line was used, rather than examining neonatal mouse cardiomyocytes. However, it is worth pointing out that the H9c2 cell line was obtained from an embryonic rat heart, and the cells are quite similar to cardiomyocytes. Third, no human data are currently available for the effects of Par2 on Mi/ri, and further studies are required for cardiomyocytes and cardiac tissues in humans. it is unrealistic to perform global knockout of Par2 in human cardiomyocytes, and thus the development of selective and specific PAR2 antagonists or Par2-blocking antibodies may be therapeutic strategies for the alleviation of Mi/ri.
in conclusion, the present study demonstrated that Par2 deficiency could protect the myocardium against MI/RI by inhibiting apoptosis in vivo and in vitro through the suppression of erK and JnK MaPK phosphorylation. Therefore, targeted inhibition of Par2 may provide new insights toward the clinical prevention and treatment of acute Mi/ri.
